ABSTRACT 1α-Hydroxycholecalciferol (1α-OH-D 3 ) is a vitamin D derivative. The objective of this study was to evaluate the effects of 1α-OH-D 3 on the growth and the mRNA expression of vitamin D receptor (VDR) in the small intestine and kidney of chickens. A total of 240 males of one-day-old Ross 308 broilers was randomly assigned to 4 treatments with 5 replicates of 12 birds per replicate. Three levels of 1α-OH-D 3 (1.25, 2.5, and 5 μg/kg) were added to a basal diet containing 0.50% calcium (Ca), 0.25% non-phytate phosphorus (NPP), and without supplemental cholecalciferol (vitamin D 3 ). The control diet contained 1.00% Ca, 0.45% NPP, and 25 μg/kg cholecalciferol. Dietary 1α-OH-D 3 levels linearly improved the average daily feed intake (ADFI), average daily gain (ADG), femur and tibia mineralization, and plasma Ca concentration, and retained Ca and total phosphorus (tP) amounts in broilers from 1 to 21 d of age (P < 0.05). In addition, 1α-OH-D 3 also linearly up-regulated the mRNA expression levels of VDR in the duodenum as well as those of VDR and sodium-phosphate cotransporter NaPi-IIa and NaPi-IIc in the kidney of broilers (P < 0.05). However, 1α-OH-D 3 did not affect the mRNA levels of 25-hydroxylase in the liver or NaPi-IIb in the duodenum (P > 0.05). No differences were observed in the ADFI, ADG, bone length, plasma mineral concentration, retained tP amount, or the mRNA levels of the above genes (except for VDR in the kidney) between the birds fed the diet with 5 μg/kg 1α-OH-D 3 and the birds fed the control diet (P > 0.05). By contrast, the weight, ash weight, ash percentage, and Ca percentage of the bone, retained Ca amount, and the mRNA level of VDR in the kidney were lower in the birds fed the diet with 5 μg/kg 1α-OH-D 3 than in the birds fed the control diet (P < 0.05). These data indicate that 1α-OH-D 3 up-regulates the gene expression of VDR in the small intestine and kidney at the transcriptional level, thereby improving the growth performance and bone mineralization of broiler chickens from 1 to 21 d of age.
INTRODUCTION
The bioactivity of 1α-hydroxycholecalciferol (1α-OH-D 3 ), a vitamin D derivative, is higher than those of cholecalciferol (vitamin D 3 ) and and is close to that of 1,25-dihydroxycholecalciferol [1,25-(OH) 2 -D 3 ] in broiler chickens (Edwards, 2002; Edwards et al., 2002; Han et al., 2017) . 1α-OH-D 3 can be used as a feed additive in broiler chicken diets (Pesti and Shivaprasad, 2010) . Dietary 1α-OH-D 3 improves growth perfor-C 2018 Poultry Science Association Inc. Received December 5, 2016. Accepted December 2, 2017. 1 Corresponding author: j.c.han@hotmail.com mance and bone mineralization by increasing phytate phosphorus (P) retention in broilers (Edwards, 2002; Edwards et al., 2002; Snow et al., 2004; Liem et al., 2009 ). However, 1α-OH-D 3 does not affect the intestinal phytase activities of chickens (Biehl and Baker, 1997a) . By contrast, dietary P levels decrease the intestinal phytase activity and phytate P hydrolysis of birds (Onyango et al., 2006) . 1α-OH-D 3 up-regulates the mRNA expression of the sodium-phosphate cotransporter NaPi-IIb in the jejunum and ileum of broilers (Han et al., 2009) . These data suggest that 1α-OH-D 3 increases phytate P utilization by increasing P absorption and decreasing the inhibition of dietary P on intestinal phytase activity. The mechanism by which 1α-OH-D 3 regulates P absorption in poultry should be clarified.
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1α-OH-D 3 is hydroxylated by 25-hydroxylase in the liver to its active form 1,25-(OH) 2 -D 3 in chickens (Edelstein et al., 1978) . However, the relationship between 1α-OH-D 3 and 25-hydroxylase expression has not been examined. Haussler et al. (2011) and Proszkowiec-Weglarz and Angel (2013) reported that 1,25-(OH) 2 -D 3 regulates P absorption in the small intestine of animals via vitamin D receptor (VDR). The injection of 1,25-(OH) 2 -D 3 increases the mRNA and protein expression levels of VDR in the ileum of mice (Chow et al., 2013) . The mRNA expression of NaPi-IIb in the intestine of suckling rats is also up-regulated by 1,25-(OH) 2 -D 3 (Xu et al., 2002) . These data suggest that 1,25-(OH) 2 -D 3 regulates NaPi-IIb gene transcription after binding with VDR in the small intestine of mammals. Our previous study showed that 1α-OH-D 3 regulates the mRNA level of NaPi-IIb in the small intestine of broilers (Han et al., 2009) . However, the relationship between VDR mRNA level and dietary 1α-OH-D 3 in poultry has not been examined.
Vitamin D deficiency decreases the mRNA level of VDR in the kidney of adult rats (Zineb et al., 1998) . By contrast, the injection of 1,25-(OH) 2 -D 3 increases the mRNA and protein expression levels of VDR in the kidney of mice (Chow et al., 2013) . These data suggest that vitamin D promotes VDR gene expression in the kidney of animals. NaPi-IIa and NaPi-IIc are sodiumphosphate cotransporters in animal kidneys. The protein expression levels of NaPi-IIa and NaPi-IIc are lower in the kidney of VDR-null mice than in the kidney of wild-type mice at 21 d of age (Kaneko et al., 2011) . Crenshaw et al. (2011) and Kido et al. (2013) found that 1,25-(OH) 2 -D 3 stimulates the gene transcription and protein expression of NaPi-IIa and NaPi-IIc in animal kidneys. These data suggest that 1,25-(OH) 2 -D 3 regulates P re-absorption by NaPi-IIa and NaPi-IIc cotransporters after binding with VDR in the kidney. The relationship between 1α-OH-D 3 and gene transcription of VDR, NaPi-IIa, and NaPi-IIc in the kidney of poultry has not been examined.
Therefore, the objective of this study was to explore the mechanism of 1α-OH-D 3 regulating P absorption in the small intestine and re-absorption in the kidney of broiler chickens.
MATERIALS AND METHODS

Birds, Diets, and Management
All animal care procedures were approved by Shangqiu Normal University.
On the d of hatch, 240 males of Ross 308 broilers were weighed and randomly allotted to 4 treatments with 5 replicate cages of 12 birds per cage. Broilers were reared in stainless steel cages (190 cm × 50 cm × 35 cm). A basal diet was formulated to contain 0.50% calcium (Ca), 0.25% non-phytate phosphorus (NPP), and without supplemental cholecalciferol (vitamin D 3 ) ( Table 1 ). The levels of Ca and NPP in the basal diet were lower than those recommended by the National Research Council (NRC, 1994) . Three levels of 1α-OH-D 3 (1.25, 2.5, and 5 μg/kg) were added to the basal diet. The control diet contained 1.00% Ca, 0.45% NPP, and 25 μg/kg cholecalciferol. The birds were provided ad libitum access to mash feed and water during the 21 d of the experiment, with 20 h of light from incandescent bulbs and 4 h of darkness. Room temperature was controlled at 33
• C from d 0 to 3, 30
• C from d 4 to 7, 27
• C from d 8 to 14, and 24
• C from d 15 to 21.
1α-OH-D 3 and Cholecalciferol
The crystalline 1α-OH-D 3 and cholecalciferol were supplied by Taizhou Healtech Chemical Co., Ltd. (Taizhou, China) and Jiaxing Tianhecheng Biological Technology Co., Ltd. (Jiaxing, China), respectively. The solution was prepared using the method described by Biehl and Baker (1997a) . In brief, crystalline 1α-OH-D 3 or cholecalciferol was weighed, dissolved in ethanol, and then diluted by propylene glycol (5% ethanol:95% propylene glycol). The solution concentration of 1α-OH-D 3 or cholecalciferol was analyzed with the high-performance liquid chromatography (HPLC) method by Shanghai Fuxin Chemical Technology Service Co., Ltd. (Shanghai, China). The determined concentrations of 1α-OH-D 3 and cholecalciferol solution were 18.49 and 90.48 μg/mL, respectively. Finally, the 
Sample Collection
Excreta samples of broilers were collected from beneath each cage using a total collection procedure from 11 to 14 d of age, and then stored at -20
• C (Han et al., 2009) . Before analysis, the excreta samples were dried at 65
• C for 24 h and then ground to pass through a 1-mm mesh screen.
All broilers were weighed on d 21. The average daily feed intake (ADFI), average daily gain (ADG), and feed conversion ratio (FCR) were calculated from 1 to 21 d of age. All birds that died spontaneously during the experiment were weighed, and the weight was used to correct the ADFI. Three chickens per replicate cage were selected and killed for collection of blood and bones. Plasma samples (5 mL) were collected through cardiac puncture, centrifuged at 3,000 g for 10 min, and then stored at -20
• C. The femur and tibia of the birds were excised and then frozen at -20
• C for further analysis.
Liver and kidney samples were collected from 15 birds per treatment. Duodenal mucosa was scraped off 5 cm at the center of individual duodenum segments with a glass microscope slide on ice. Liver, kidney, and duodenal mucosa samples were immediately frozen in liquid nitrogen and then stored at -80
• C.
Chemical Analysis
Mineralization of the femur and tibia was analyzed as described by Hall et al. (2003) . The femur and tibia were placed in a container with ethanol for 48 h and then extracted in anhydrous ether for 48 hours. The bones were dried at 105
• C for 24 h, and then weighed. Diameter was determined by micrometer at the middle point of the bone. Bone ash weight was determined by ashing the bone in a muffle furnace at 600
• C for 48 hours. Bone ash percentage was expressed relative to dried fat-free bone weight.
Plasma Ca and inorganic phosphorus (Pi) concentrations were determined using a Shimadzu CL-8000 analyzer (Shimadzu Corp., Kyoto, Japan) in accordance with the manufacturer's instructions. The Ca and total phosphorus (tP) contents in diets, excreta, and bones were determined as described by Han et al. (2013) .
Retained mineral was calculated by the following formula: Retained mineral (g/bird) = feed intake (g/bird) × mineral content in diets (%) − excreta (g/bird) × mineral content in excreta (%).
Total RNA Extraction, Reverse Transcription, and Quantitative Real-Time Polymerase Chain Reaction
Total RNA was isolated from the liver, kidney, and duodenal mucosa of broiler chickens at 21 d of age with Trizol reagent (Tiangen Biotech Co. Ltd., Beijing, China) in accordance with the manufacturer's instructions. RNA concentration was determined spectrophotometrically. OD260/280 values were from 1.8 to 2.0 to assure the purity of total RNA. All samples were stored at -80
• C. Reverse transcription was performed using 1 μg of total RNA with the primescript reverse transcription reagent kit (Takara Biotechnology Co. Ltd., Dalian, China) in accordance with the manufacturer's instructions. Primers of 25-hydroxylase, VDR, NaPi-IIa, NaPiIIb, NaPi-IIc, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China, Table 2 ).
Quantitative real-time PCR was performed with the SYBR Premix PCR kit (Takara Biotechnology Co. Ltd., Dalian, China) on a Thermo Scientific PikoReal Real-Time PCR System (Thermo Fisher Scientific, Waltham, Massachusetts). Reactions were conducted in a 10 μL reaction system containing 5 μL of SYBR Green Premix I PCR mix (Tli RNaseH Plus) (2 ×), 0.4 μL of forward primer (10 μM), 0.4 μL of reverse primer (10 μM), 1.0 μL of cDNA, and 3.2 μL of RNase free water. The program was 95
• C for 60 s, followed by 40 cycles of 95 • C for 10 s, 60
• C for 30 s, and 72
• C for 30 seconds. Each gene was amplified in triplicate. The standard curve was determined using pooled samples. The gene expression relative to the endogenous control GAPDH for each sample was calculated using the 2 −ΔΔCt method (Livak and Schmittgen, 2001 ).
Statistical Analysis
Replicate means are the experimental units in the statistical analysis. The data were analyzed using the general linear model (GLM) procedure of the SAS software (SAS Institute, 2002) . Orthogonal polynomials were performed to determine the linear and quadratic effects of 1α-OH-D 3 levels on growth performance, bone mineralization, plasma mineral concentration, retained mineral amount, and mRNA expression levels of genes. Bonferroni's test was used to compare the difference between the 1α-OH-D 3 treatment and the positive control. P < 0.05 was considered to be significant.
RESULTS
Growth Performance and Bone Mineralization
The lowest ADFI and ADG and the highest mortality were observed in one-to 21-day-old broiler chickens fed the diet with 1.25 μg/kg 1α-OH-D 3 (Table 3 ). Increasing dietary 1α-OH-D 3 levels linearly improved the ADFI and ADG and decreased the mortality of broilers (P < 0.05). No differences in growth performance were observed between the birds fed the diet with 5 μg/kg 1α-OH-D 3 and the birds fed the control diet (P > 0.05).
The mineralization of the tibia and femur was lower in the birds fed the diet with 1.25 μg/kg 1α-OH-D 3 than in the birds fed the control diet (P < 0.05) (Tables 4 and  5 ). The increase of 1α-OH-D 3 levels linearly improved the bone mineralization (P < 0.05). No difference in the lengths of the tibia and femur was observed between the birds fed the diet with 5 μg/kg 1α-OH-D 3 and the birds fed the control diet (P > 0.05). By contrast, the weight, ash weight, and ash and Ca percentage of the tibia and femur were lower in the birds fed the diet with 5 μg/kg 1α-OH-D 3 than in the birds fed the control diet (P < 0.05).
Plasma Ca and Pi Concentrations and Retained Ca and tP Amounts
The birds fed the diet with 1.25 μg/kg 1α-OH-D 3 had the lowest plasma Ca concentration at 21 d of age and the lowest retained Ca and tP amounts from 11 to 14 d of age (Table 6 ). The plasma Ca concentration and the retained Ca and tP amounts linearly increased with dietary 1α-OH-D 3 levels (P < 0.05). No differences in the plasma Ca and Pi concentrations or the retained tP amount were observed between the birds fed the diet with 5 μg/kg 1α-OH-D 3 and the birds fed the control diet (P > 0.05). However, the retained Ca amount was lower in the birds fed the diet with 5 μg/kg 1α-OH-D 3 than in the birds fed the control diet (P < 0.05).
mRNA Expression of 25-Hydroxylase in the Liver and Vitamin D Receptor and Sodium-Phosphate Cotransporter in the Small Intestine and Kidney
The mRNA levels of VDR in the duodenum as well as those of VDR, NaPi-IIa, and NaPi-IIc in the kidney were lower in the broilers fed the diet with 1.25 μg/kg 1α-OH-D 3 than in the birds fed the control diet (P < 0.05, Table 7 ). The increase of 1α-OH-D 3 levels linearly up-regulated the mRNA levels of the above genes (P < 0.05). By contrast, neither the mRNA expression of 25-hydroxylase in the liver nor that of NaPiIIb in the duodenum was affected by 1α-OH-D 3 levels (P > 0.05). No differences in the mRNA levels of VDR in the duodenum and those of NaPi-IIa and NaPi-IIc in the kidney were observed between the birds fed the diet with 5 μg/kg 1α-OH-D 3 and the birds fed the control diet (P > 0.05). However, the mRNA level of VDR in the kidney was lower in the birds fed the diet with 5 μg/kg 1α-OH-D 3 than in the birds fed the control diet (P < 0.05).
DISCUSSION
In the present study, dietary vitamin D deficiency damaged the growth performance and bone mineralization and decreased the blood Ca concentration in the broilers. Similar results were observed by Aslam et al. (1998) and Rao et al. (2009) . The increase of dietary 1α-OH-D 3 levels improved the ADFI, ADG, and ash weight and percentage of the tibia and femur, as well as the plasma Ca concentration of the broilers. This finding agrees with those reported by Biehl and Baker (1997b) and Snow et al. (2004) . Further research has shown that the growth performance of broilers fed Caand P-deficient diets with enough cholecalciferol (Rao et al., 2006; Rousseau et al., 2016) or 1α-OH-D 3 (Driver et al., 2005; Han et al., 2013 ) is close to that of birds fed the control diet with adequate Ca and P. In the present study, no differences in the ADFI, ADG, or blood Ca concentration were observed between the birds fed the diet with 5 μg/kg 1α-OH-D 3 and the birds fed the control diet. However, the weight, ash weight, and ash and Ca percentage of the bone in the birds fed the diet with 5 μg/kg 1α-OH-D 3 were lower than those in the birds fed the control diet. This result may be attributed to the fewer retained minerals in the 5 μg/kg 1α-OH-D 3 group compared with the control group.
The amounts of retained Ca and tP were the lowest in the birds fed the diet with 1.25 μg/kg 1α-OH-D 3 in the present study. Research has shown that vitamin D deficiency negatively affects mineral retention (Rao et al., 2009) . The increase of 1α-OH-D 3 levels enhanced the retained Ca and tP amounts in this study. The improvement of growth performance and bone mineralization by 1α-OH-D 3 results from the increased Ca and tP retention in broilers (Edwards, 2002; Han et al., 2009) . The increase in tP retention is contributed to the increase in phytate P hydrolysis after adding 1α-OH-D 3 (Edwards, 2002; Liem et al., 2009 ). 1α-OH-D 3 does not affect intestinal phytase activity (Biehl and Baker, 1997a) , but the Ca and P levels decrease the intestinal phytase activity and phytate P hydrolysis of birds (Applegate et al., 2003; Onyango et al., 2006; Li et al., 2016) . It is well known that 1,25-(OH) 2 -D 3 increases Ca and P absorption. The inhibition of Ca and P on intestinal phytase activity declines and phytate P hydrolysis increases after 1α-OH-D 3 is converted to 1,25-(OH) 2 -D 3 . The retained tP amount in the birds fed diet with 5 μg/kg 1α-OH-D 3 was close to that in the birds fed the control diet. However, the retained Ca in the 5 μg/kg 1α-OH-D 3 group was lower than that in the control group. This result caused the less bone ash in the birds fed the diet with 5 μg/kg 1α-OH-D 3 compared with the birds fed the control diet.
In fact, dietary 1α-OH-D 3 increases the phytate P retention by stimulating P absorption. 1α-OH-D 3 is hydroxylated by 25-hydroxylase in the liver to 1,25-(OH) 2 -D 3 in chickens (Edelstein et al., 1978) . In the present study, 1α-OH-D 3 did not significantly affect the mRNA level of 25-hydroxylase in the liver. These data suggest that the level of 1.25 to 5 μg/kg 1α-OH-D 3 does not promote 25-hydroxylase gene transcription in the liver of broiler chickens. Haussler et al. (2011) reported that 1,25-(OH) 2 -D 3 regulates P absorption via VDR in the small intestine and that VDR modulates the transcription of genes encoding proteins, including signaling intestinal Ca and P absorption. Research has shown that 1,25-(OH) 2 -D 3 injection increases the mRNA and protein expression levels of the VDR gene in mouse ileum (Chow et al., 2013) . Craig et al. (2008) also found that 1,25-(OH) 2 -D 3 increases the VDR protein levels in the intestinal epithelial cells of zebrafish. In the current study, 1α-OH-D 3 elevated the mRNA level of VDR in the duodenum of broilers. These data suggest that 1α-OH-D 3 , upon conversion to 1,25-(OH) 2 -D 3 , stimulates VDR gene expression at the transcriptional level in the small intestine of chickens.
The NaPi-IIb protein is the transporter of phosphate in the small intestine of chickens. The highest expression of the NaPi-IIb gene is in the duodenum, followed by the jejunum, and then the ileum (Yan et al., 2007) . Thus, the duodenum was used to quantify the mRNA expression of NaPi-IIb in the present study. Results showed that 1α-OH-D 3 did not increase the mRNA expression of NaPi-IIb in the duodenum of broilers. Similar results were observed in our previous study (Han et al., 2009) . By contrast, 1α-OH-D 3 increases the mRNA expression of NaPi-IIb in the jejunum and ileum of birds (Han et al., 2009) . These data suggest that the regulation of 1α-OH-D 3 to the NaPi-IIb gene is predominantly at posterior segments of the small intestine. Other studies have shown that the NaPi-IIb gene expression is regulated by dietary P and crude protein levels in broiler chickens (Li et al., 2012; Huber et al., 2015; Xue et al., 2016; Liu et al., 2017) and that antibody to intestinal NaPi-IIb protein reduces phosphate transport in human Caco-2 cells (Bobeck et al., 2015) .
Previous studies and reviews showed that 1,25-(OH) 2 -D 3 may regulate P re-absorption by NaPi-IIa and NaPi-IIc cotransporters after binding with VDR in the kidney (Crenshaw et al., 2011; Kaneko et al., 2011; Chow et al., 2013; Kido et al., 2013) . The mRNA expression of VDR is low in the kidney of vitamin Ddeficient mice and rats (Healy et al., 2005; Wang et al., 2015) . Similar results were observed in the broilers fed the diet with 1.25 μg/kg 1α-OH-D 3 in the present study. The addition or injection of 1,25-(OH) 2 -D 3 increases the mRNA expression of VDR in the kidney of animals (Healy et al., 2005; Wang et al., 2015) . In the current study, 1α-OH-D 3 increased the mRNA level of VDR in the kidney of broilers. These data suggest that 1α-OH-D 3 exhibits a function similar to 1,25-(OH) 2 -D 3 in regulating VDR gene expression in the kidney of chickens.
In the kidney, NaPi-IIa and NaPi-IIc proteins control the re-absorption of P from the collecting tubule back into blood (Beck et al., 1998; Tenenhouse, 2005) . Taketani et al. (1998) reported that the mRNA and protein expression levels of NaPi-IIa are lower in the kidney of vitamin D-deficient rats than in those of the control rats. The administration of 1,25-(OH) 2 -D 3 to the vitamin D-deficient rats increases the mRNA and protein expression levels of NaPi-IIa in the kidney of rats (Taketani et al., 1998) . In the present study, the mRNA expression level of NaPi-IIa increased by the level of 1α-OH-D 3 . Madjdpour et al. (2004) reported that a low-P diet does not affect NaPi-IIa mRNA expression but increases NaPi-IIa protein abundance in mouse kidneys. By contrast, the mRNA and protein expression levels of NaPi-IIc are up-regulated by the low-P diet (Madjdpour et al., 2004) . The increase of 1α-OH-D 3 levels elevated the mRNA expression level of NaPi-IIc in the kidney. This finding indicates that 1α-OH-D 3 regulates NaPi-IIc gene transcription in chickens.
In summary, these data indicate that 1α-OH-D 3 upregulated the gene transcription of VDR in the small intestine and kidney, thereby improving the P absorption, growth performance, and bone mineralization of broiler chickens.
